The main area of emphasis in this paper is to investigate the methods and technology for aerodynamic configuration sizing of missiles and to develop a software platform in MATLAB® environment as a design tool which has an ability of optimizing the external configuration of missiles for a set of flight requirements specified by the user through a graphical user interface. A genetic algorithm based optimization tool is prepared by MATLAB® that helps the designer to find out the best external geometry candidates in the conceptual design stage. Missile DATCOM is employed as the aerodynamic coefficient prediction package to determine aerodynamic coefficients of each external geometry candidate in finding their performance merits by integrating their dynamic equations of motion. Numerous external geometry candidates are rapidly eliminated according to objectives and constraints specified by designers, which provide necessary information in preliminary design. In this elimination, the external geometry candidates are graded according to their flight performances in order to discover an optimum solution. All of the flight performance data are obtained by running a two degree-of-freedom simulation in the vertical plane. In order to solve the resulting multi-objective optimization problem with a set of constraint of linear and nonlinear nature and in equality and inequality forms, geneticalgorithm-based methods are applied. Hybrid encoding methods in which the integer configuration variables (i.e., nose shape and control type) and real-valued geometrical dimension (i.e., diameter, length) parameters are encoded in the same individual chromosome. An external configuration design tool (EXCON) is developed as a synthesis and external sizing tool for the subsonic cruise missiles. A numerical example, the reconfiguration problem of an anti-ship cruise missile, is presented to demonstrate the accuracy and feasibility of the conceptual design tool. 
I. Introduction
Conceptual design describes how a new product will work and meet the requirements at the beginning of a design process before starting its preliminary design. 1 The conceptual design of missiles usually is a rapid analysis in the aerodynamic configuration sizing of the missile. The aerodynamic configuration sizing is defined as the process of searching the optimum geometric configurations and their dimensions of a missile that satisfies the aerodynamic performance constraints and makes the objectives the best. It is carried out to improve the missile configuration and dimensions, which include its diameter, length, nose geometry, stabilizer as well as control surface size and geometry. 2 At the end of a conceptual design, its outputs are then served as a baseline to be used as the starting point for more detailed design stages. The objective of this study is to develop a software tool (EXCON) which provides automation in the conceptual design stage of missiles. As seen in Figure 2 , the conceptual design tool should be capable of performing three main subtasks.
1. A platform called as the "user interface" is needed in which both flight mission information and required weapon skills are to be defined as an input by designers. 2. There must be a "flight simulation module" by means that flight performance data of each external configuration candidate can be obtained. 3. A mechanism should be included for evaluating and grading each geometry candidates according to their flight performance results. In this mechanism, the use of a genetic-algorithm-based optimization technique is intended.
Figure 1 Sub-modules of EXCON 11
Since a large number of geometry candidates are expected to be graded according to the simulation results, the production of aerodynamic coefficients must be very fast considering the total run time of the tool. For this purpose, the use of USAF Missile DATCOM software is intended as a fast prediction tool for aerodynamic coefficients. 7 
II. Optimization Model
The main purpose of applying an optimization method in the conceptual design phase of a missile is to find the particular parameter set of missile's external geometry that maximize performance, or minimize weight or cost as while satisfying a set of design and operational constraints.
Figure 2 Optimization Cycle 11
As seen in Figure 2 , there exists an optimization iteration cycle involving three main modules: User Interface, Optimization Model and Flight Simulator. The optimization module cooperates with the flight simulator and a user interface. Module 2 is a graphical user interface (GUI) in which the objectives and constraints of the external configuration optimization problem can be set by the designer. Also, the flight mission plan which is the input of the flight simulator module is defined in the user interface module. The optimization cycle shown in Figure 2 is to be initiated by the designer by defining the requirements and the mission plan via the GUI. By means of this GUI, the optimization module is noticed about the performance measures to be taken as objectives and their relative importance. Also, constraints on performance measures or geometric dimensions or configurations are determined. The optimization model is fed with the flight performance values of each external geometry candidates by means of the flight simulator. Hence, the flight simulator runs in each iteration of the optimization cycle. Module 3 computes the cost of each external geometry candidates according to its performance data and checks the feasibility of the geometry according to the constraints defined in the user interface. The iterations are stopped once the optimality conditions are satisfied and the current geometry will be declared as the optimum. Otherwise, new geometry candidates are generated and iterations will be continued.
A. Aerodynamic Configuration Sizing Parameters
Optimization parameters consist of a set of unknowns which affect the value of the objective function. In the external configuration optimization problem in missiles, there are two kinds of parameters; namely, external configuration and geometrical dimension parameters which are listed in Table 1 .
B. Objectives
In optimization problems, a cost function measures how good a particular solution of the problem is; the lower its value the better the solution is in minimization type problems. In external configuration optimization problems, cost function is composed of the terms involving the measures of merits to be minimized or maximized. Since there might be more than one objective according to the inputs defined in the user interface module, the problem can be called a multi-objective optimization problem. However, the problem with multiple objectives can be reformulated into a single-objective problem by forming a weighted combination of the different objectives. Some of the measures of merit can be either cost or constraint according to the requirements of the design such as range and speed listed in Table 2 . For example, the requirement on range can be set as an operational range interval as well as it can be stated as an objective to be maximized. Since there must be at least one objective in the optimization problem, the default objective term in the cost function is coming from mass minimization in this study. Since maximizing a cost means minimizing the negative of that cost, all of the objectives can be expressed in the same cost function as terms to be minimized. 
Measures of Merit Status Launch Mass
To be minimized as a default
Operational Range
Either to be maximized or taken as a constraint
Cruise Speed
C. Constraints
While designing the external geometry of a missile, there are always some constraints that restrict the scope of the problem and determine the boundaries of feasible region. These constraints can be due to limited budget, launch platform limitations and minimum desired performance requirements. The constraints in the external configuration optimization of a missile can be divided into two groups, which are performance constraints and geometrical constraints. All of the performance constraints are nonlinear constraints which cannot be expressed by a linear combination of optimization parameters. However, geometric constraints including bound limit of each dimension are mostly linear. A classification of constraints is listed in Table 3 . 
D. Genetic Algorithm
Genetic Algorithms (GA) are search methods based on principles of natural selection and genetics. They have been applied successfully to numerous problems in business, engineering and science. In many practical applications, GA finds good solutions in reasonable amounts of time. 3 There are other alternatives of search algorithms such as conventional methods. However, conventional techniques are not preferable for complex problems such as external geometry sizing optimization problem since they are not global optimum search algorithms. Therefore, the use of genetic algorithm is considered to be more practical and effective method in this study.
GA is a stochastic search technique based on the mechanism of natural selection and natural genetics. GAs, differing from conventional search techniques, start with an initial set of solutions called population. Each individual in the population is called chromosome, representing a solution to the problem at hand. A chromosome is a string of symbols, it usually, but not necessarily, a binary bit string. The chromosomes evolve through successive iterations, called generations. During each generation, the chromosomes are evaluated, using some measures of fitness. To create the next generation, new chromosomes called offspring, are formed by either merging two chromosomes from current generation using a crossover operator or modifying a chromosome using a mutation operator. A new generation is formed by selecting, according to the fitness values and rejecting others so as to keep the population size constant. Fitter chromosomes have higher probabilities of being selected. After several generations, the algorithms converge to the best chromosome, which hopefully represents the optimum or suboptimal solution to the problem. 4 
Fitness Evaluation
A fitness function is a particular type of objective function that quantifies optimality of a solution in genetic algorithm so that a particular chromosome may be ranked against other chromosomes. That is, it is the same with cost function f to be minimized in this problem. The mathematical representation of the problem is
where h denotes the vector of equality constraints whereas g represents the vector of inequality constraints of the problem. Also, the vector x represents the optimization parameters. While converting a multi-objective optimization problem into a single objective one, each cost term in total cost expression must be converted into a non-dimensional form with respect to one another. Therefore, a multi-objective cost function can be written as
where
denotes the cost of a single objective. Since the units of each cost term are different such as kilogram for mass, kilometers for range, the comparison of the cost terms cannot be possible without any normalization. A general trend is to aim reducing the value of each cost terms into an interval of [0 1]. For the normalization, the desired values or desired interval limits of the performance objectives defined by the user can be used for normalization. A method to the desired values or upper limit of the desired interval of objectives, the performance values of the similar missiles in the literature may be used as the reference values for normalization. That is, the missiles which have similar mission profile and performance with the missile to be designed could be used for the normalization. In order to make them non-dimensional, every cost term should be divided by these baseline reference values as
As the requirements in competency of a missile increases, it becomes impossible to develop such a missile which fully satisfies all of the requirements defined by the customer simultaneously. Hence, the designers have to deal with some tradeoffs during design which is forced by conflicting requirements with one another. 5 In order to quantify the tradeoffs between conflicting mission requirements, the designer should optimize the missile parameters based on relative weightings of requirements. The weightings can be considered as the relative importance of the objectives with respect to one another. These weightings are directly used as multiplicative coefficients for each term in the cost expression. Since the importance sequences are highly dependent on the customer's will, the user needs to define these priorities by grading each objective as i w in the user interface. The weighted and normalized cost function , N W f is shown as:
The infeasibility of a solution originates from the nature of constrained optimization problem. For many optimization problems, a feasible region can be represented as a system of inequalities and equalities (linear or nonlinear). For such cases, many penalty or barrier methods were proposed in order to handle infeasible chromosomes. The main difference between these two methods is the initial points of the search. In the barrier method, the initial solution must be in feasible region in order to obtain convergence whereas there is no need to start with a feasible point in the penalty method. 6 In the external geometry sizing of a missile, there are both linear and nonlinear constraints. Although the initial chromosomes are adjusted such that they are linearly feasible * , it is very difficult to choose a chromosome that ensures to satisfy all the nonlinear constraints such as range, control effectiveness, maneuverability, etc. Without running a simulation, there is no way to determine whether a chromosome satisfies the nonlinear constraints. Therefore, it is almost impossible to start with an initial solution both nonlinearly and linearly feasible at the same time. As a result, the penalty method is concluded to be the most suitable method for handling nonlinear constraints in such complex optimization problems. The new form of the fitness function after adding penalty cost term , ,
Assuming that the number of equality constraints is r and the number of inequality constraints is p, the general expression of penalty function is given as
However, it is more convenient to use an absolute-value penalty function in order not to deteriorate the degree of magnitude balance between objective term and penalty term. That is, the penalty terms should be in degrees of one since the objective terms of the cost function are already in degrees of one. The general form of the absolute-value penalty function is
There are different ways to choose a penalty coefficient in this problem. In case of a very large penalty coefficient, the search algorithm may converge just after the feasibility is guaranteed. This is called premature convergence. 6 Penalty coefficients directly affect the final geometry of the missile since they harmonize the dominancy between objectives and constraint.
Encoding
In MATLAB Genetic Algorithm Toolbox, the population type can be defined only in one of two possible types; double vector or bit string. In this study, there is no chance to choose other than the double vector type of chromosomes. This implies that the real number coding for constrained optimization should be used. However, randomly chosen real values do not conform to the configuration parameters because they can take only certain Note that MATLAB® Genetic Algorithm Tool does not have a default creation function which can handle both discrete and continuous parameters; therefore, a problem-specific custom creation, mutation and cross-over functions must be written in the external configuration optimization. These operators produce only integer numbers for the first three genes (configuration parameters genes) and real numbers for the rest of genes. Also, the linear feasibility of a chromosome produced should be checked whether they are linearly feasible or not. By means of satisfying linear and bound constraints in producing or modifying the chromosome at the beginning, both the total iteration number and optimization time are decreased.
III. Flight Simulator
The main purpose for performing a flight simulation is to obtain some of the flight performance parameters numerically which cannot be expressed by simple analytic equations and/or empirical formulae. These flight performances include range, speed, maneuverability, and control effectiveness. Although there are some empirical formulae for calculating some of the performance parameters, they are rough estimations since there are several assumptions used in obtaining these formulae. In these expressions, the flight conditions like Mach number and angle of attack are considered to be constant implying that the missile is flying at steady-state conditions. On the contrary, there exist several transition regions along a typical flight trajectory. For example, the maneuverability of a missile should be observed especially in the pull-up maneuver which is one of the transition phases. Therefore, a numerical simulation is unavoidable when the performance metrics can be observed only in some parts of total flight profile and when their values vary during the flight. As a result, a numerical flight simulator is designed in MATLAB® SIMULINK by using models.
The degree of freedom of the dynamic model used in the simulator is decided so that all the flight motions which affect the flight performance of the missile should be observed from the trajectory obtained from this model. Within the flight performance parameters, the range and pull-up/down maneuverability could be obtained by at least 2 degree-of-freedom (DOF) point-mass models in vertical plane. However, there is no need to include third freedom (pitch rotation) in order to observe the control effectiveness which is ratio of fin surface deflections to angle-ofattack could. It is possible to calculate the control effectiveness by using aerodynamic coefficients.
A. Interactions of the Dynamic Models
The flow chart which shows interactions between models is given in Figure 4 . The simulator is composed of six main modules which are EOM, Autopilot, Propulsion, Aerodynamics, Atmosphere, and Gravity.
The core module is called the EOM (Equations of motion) executes two degree of freedom pitch equations of motion and produces an output vector including instantaneous mass, position, orientation, linear and angular velocities in the earth-fixed frame of the missile. Also, EOM collects all forces acting on the missile body from other models which are aerodynamic, propulsion, and gravity. Autopilot module produces the angle of attack and thrust commands instantaneously by means of the controllers. Among these modules, the aerodynamic module computes aerodynamic forces and moments according to the angle of attack command received from the auto-pilot. This is performed by reading aerodynamic look-up tables produced by DATCOM. The propulsion module determines the instantaneous thrust value by considering the motor status and control thrust signals received from the auto-pilot. Also, the atmosphere module supplies the air properties at a given altitude. Since the value of gravitational acceleration varies according to the missile's position in the earth, another module called Gravity is added into the system in order to compute the gravitational acceleration for a given latitude, longitude and altitude from the earth surface.
Figure 4 Simulator Flow Chart
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The simulation run is stopped once the missile contacts with the hit platform which might be a land or sea platform depending on the launch type. At the end of simulation, the range, average speed, static stability, control effectiveness, and maneuverability are obtained as the output flight performance data.
IV. Graphical User Interface of EXCON
EXCON has a user interface that the users can define design requirements and constraints as well as the mission profile. MATLAB® Guide toolbox provides the GUI design environment tools that allow the designer to create or edit GUIs interactively. It is used for the development of the user interface menus. EXCON software uses a GUI to enter inputs, control the analysis process, and view results. The GUI incorporates a variety of menus, scroll bars, buttons, and dialog boxes available. An example of EXCON GUI is shown in Appendix. The developed GUI is composed of mainly six panes which represents Launch Specs, Motor Specs, Flight Specs, External Configuration Specs, Objectives and Optimization Results.
Some of the inputs in panels are optional whereas others are obligatory to be entered. The GUI orients the user about the minimum set of inputs that should be submitted in panels. In case of incomplete or missing data, the GUI gives error messages after pushing the START OPTIMIZATION button, and the missing inputs will be highlighted. In addition, the popup menu lists are automatically updated by interacting with each other. For example, if air to surface launch type is chosen by the user, the flight phase's popup menu is updated such that there is no climb-glide phase sequence in the list. Also, some of the edit boxes may be disabled or enabled according to other inputs entered already. As a result, the consistency within inputs is controlled by GUI before starting an optimization.
In the optimization results panel, the user is informed about the progress of the optimization process. The optimum geometry of each generation is printed in the left figure. Also, the convergence history can be seen in fitness vs. generations figure in the right. The minimum and mean fitness values of each generation are also printed in that figure. After the optimization is converged, the performance and external geometry data of optimum are shown as well as the elapsed time and the reason of termination.
V. Conceptual Design of Baseline Missile
As a case study, one of an air to surface turbo-jet missile named Harpoon is taken as a baseline missile and redesigned for the verification of the conceptual design tool (EXCON). The design output is to be compared with the original missile's external configuration parameters. Note that, the external geometric dimensions which are not found from open sources are roughly measured from the images of this baseline missile in the internet. Also, the unknown performance data (stability, control effectiveness, maneuverability values shown in Table 5 In this case study, the only performance measure to be minimized is taken as the total launch mass of the missile. As a result, only the Minimum Mass option is checked in Objectives pane of the GUI. The range and load factor are taken as performance constraints. While minimizing mass, other performance characteristics (range, load factor) should not be deteriorated. Therefore, the interval of desired maneuver load factor and operational range values in the GUI should be selected such that it involves the value of load factor of the original baseline missile. Also, the cruise speed of original baseline missile is taken as an equality constraint for the re-design problem. Since the actual constraints on control effectiveness and static stability margin of the original baseline missile are not known in conceptual design phase, the intervals for the control effectiveness and stability are selected arbitrarily in the EXCON's GUI. By means of putting these arbitrary constraints on the static stability SSM and control effectiveness CE, the search area of interest gets smaller which reduces the total time of optimization in the case studies. However, the optimization can be run for different combinations of the SSM and CE intervals. Table 4 : In the mass model, the fuel-to-launch mass ratio is taken as a constant for all external geometries in the optimization. In order to determine this ratio in re-designing baseline missile, the ratio of fuel m F and launch mass m L of the baseline missile is calculated as: 
and used in the conceptual design calculations. According to the above equation, it is assumed that the fuel mass is always 10% of the total launch mass of the candidate missiles. The baseline missile is powered by a Teledyne CAE J402 turbojet engine. 8 Since the largest diameter of the engine is known, there is a constraint on the missile aft body diameter. That is, missile's diameter should be large enough such that a Teledyne CAE J402 engine can fit in it. Therefore, a minimum diameter constraint:
EXCON is executed several times for the same problem of conceptual design of baseline missile. The only parameter which is changed for each execution is the penalty coefficient. EXCON is run for each elements of the set of penalty coefficients S  given below. American Institute of Aeronautics and Astronautics The effects of penalty coefficients on optimum external geometries and convergence of the optimization are studied. Also, the minimum objective values and the constraint violations for each penalty coefficients are compared with each another. Penalty coefficients determine the dominancy between the objective term and penalty term in the fitness function. The diversity in optimum external geometries for the set of penalty coefficient in S  is illustrated in Figure 6 :
Figure 6 Optimum Geometries vs. Penalty Coefficients
In Figure 7 , variations in optimum mass and constraint violation values with respect to the penalty coefficients are shown.
Figure 7 Effect of Penalty Coefficients on Fitness Function
The results of optimum launch mass for each penalty coefficients represents the objective term of the fitness function whereas the constraint violation values for each penalty coefficients denotes the penalty term of the fitness function. In order to have a feasible optimum solution, the constraint violation should be zero. However, it is observed that the constraint violation is increased when the penalty coefficient is getting smaller. Small penalty coefficients reduce the impact of penalty term in a fitness function, therefore, constraints might be violated.
When the optimum mass plot is observed, a decreasing trend is observed when the penalty coefficient is reduced. A small penalty coefficient gives a dominant effect on the pure objective term (mass). Therefore, the optimization algorithm focuses on objective term more than the penalty term which helps finding an optimum missile which has lighter weight. However, there is no improvement in the optimum mass value below a certain limit of penalty coefficient (λ = 2). This is due to the fact that range requirement is not satisfied below a certain limit of penalty coefficient.
According to the Figure 7 , the value of the penalty coefficient on which the constraints have started to be violated is 2. Therefore, penalty coefficient cannot be smaller than 2. Since optimum mass increases with increasing penalty coefficients, design point should be on 2 on which the launch mass is the smallest. As a result, the penalty coefficients for the external configuration problem of the baseline missile should be chosen as 2 and the corresponding design point can be called the optimum solution in the feasible region.
The flight performance comparison between optimum design of EXCON and baseline missile is shown in Appendix B. The ranges of these two missiles are very close to each other such that the optimum in EXCON has a range which is 2.7% less than the range of original one. However, the total launch mass is achieved to be reduced to 30% of total launch mass of the original baseline missile. This implies that the total length and the diameter of the baseline missile are decreased by EXCON. Therefore, the launch platform compatibility is enhanced since there is less space needed for the baseline missile.
The fineness ratio of optimum missile is 9.4 whereas it is 11.5 for the original baseline missile. Reducing the fineness ratio is beneficial for the structural rigidity of the missile.
The optimum design has the same fin configuration (044) and control type (tail) with the baseline. However, it has a plus panel orientation whereas the original baseline missile has cross panel orientation. This leads the optimum missile to have less control effectiveness. As a result, the control effectiveness of the re-designed missile is 60% of the baseline. However, it is still above the value of 2 which can be considered the minimum design criteria for the control effectiveness.
There might be some reasons for obtaining a smaller size missile than original baseline size. Although, the constraints are tried to be forecasted during original design of the baseline missile, there might be some missing design constraints which are unknown. For example, EXCON can take into account only the constraints due to motor diameter. However, there might be also other subsystem constraints due to the sections of warhead, fuel tank, and guidance. The difference in the lengths of optimum and baseline missiles may arise from these subsystem constraints. For instance, the length of the missile cannot be smaller than a certain lower limit in case that the inputs such as minimum warhead length are given. In addition, real life constraints related to producibility and project budget are not taken into account in the design.
VI. Conclusions
This paper presents the methods used to create an integrated external configuration and geometry sizing environment for the design of subsonic cruise missiles. This environment including a flight simulator, an optimization model, and a graphical user interface is aimed to have the ability to provide the impact of changing mission requirements on the conceptual design of the missiles. A software tool named EXCON is developed as a conceptual design environment. By means of EXCON, the external configuration and geometry of the missiles having either turbojet or solid fuel rocket motor can be designed according to the mission profile specified by the designer in the graphical user interface. Therefore, the external geometry optimization is obviously missiondependent. That is, the optimum configuration of the missile is affected by the user-defined mission profile such as flight trajectory, motor type, and launch type.
Since the conceptual design of launch vehicles involves various disciplines in a highly coupled manner, a weighting factor strategy is applied to the cost function which takes into account the severity of each objective with respect to one another. Also, in order to achieve a feasible optimum solution which satisfies the constraints, the penalty method is used. The additional penalty term is added to the cost function expression with a suitable penalty coefficient.
As a verification of the conceptual design tool developed, a case study is conducted to determine a set of optimal external configuration and geometric dimension parameters for an air-to-air turbo-jet engine anti-ship missile. The baseline missile reconfiguration problem is formulated and integrated into the proposed software tool (EXCON) in order to improve its launch mass.
In the optimization algorithms utilized in EXCON, the outcome geometries are produced by using different penalty coefficients in the cost function in order to survey the impact of them on the optimum results. Launch masses of the optimum external geometry solutions are observed to decrease when penalty coefficients used are decreasing. However, the constraint violation is getting higher with decreasing penalty coefficients. In order to have a feasible optimum solution, there must be a zero constraint violation. Therefore, a balance should be made between two opposing concepts: minimization of launch mass and constraint violation. As a result, the design point is selected as the optimum external configuration solution which is on the boundary of constraint violation.
The main purpose of performing such a case study is to verify the software tool developed. For the verification of EXCON, there are two success criteria targeted to obtain. One of them is to confirm whether EXCON is capable of reducing the launch mass of the original baseline missile without deteriorating the range and maneuverability characteristics of the baseline missile drastically. The process in the case study yields an external configuration that is significantly lighter (approximately 30%) than the launch mass of the original baseline missile. During the improvement in launch mass of the original baseline missile, the maneuverability is also improved by 13% of the original baseline missile. Although the range was smaller by 2.5% than the range of baseline missile, this difference in the range is at a negligible level compared to the improvements obtained in the launch mass and maneuverability. As a result, the first criterion of verification is proved.
Other success criterion of EXCON is to observe whether the external geometry of the optimum missile is still similar with that of the original baseline missile roughly. Comparing the external geometry view of a newly design missiles with that of a baseline missile in literature should be beneficial for proving that the missiles designed in EXCON can be producible and fly in a real atmosphere conditions. Although the size of the optimum missile obtained by EXCON, is smaller than that of original one because of the reduced launch mass, the proportion of the dimensions for both of the missiles are observed to be similar. For example, the fineness ratios of optimum and original baseline missile are approximately 9 and 11, respectively, which can be considered to be close to each other. Also, the wings of the optimum missile are located at 45% of total length; similarly, the wings of the original baseline missile are located at 50% of total length. As another example of the similarity, the maximum span-todiameter ratios of optimum and original missiles are found as 0.75 and 0.70, respectively. Since both success criteria for verification of EXCON are achieved by the case study, EXCON is proven to be an effective tool for cruise missile performance analysis and configuration sizing. 
